Compositional grading of InGaN/GaN multi quantum wells (QWs) was proposed to mitigate polarization effects and Auger losses in InGaN-based light emitting diodes [K. P. O'Donnell et al., Phys. Status Solidi RRL 6 (2012) 49]. In this paper we are reviewing our recent attempts on achieving such gradient via quantum well intermixing. Annealing up to 1250 ºC resulted in negligible interdiffusion of QWs and barriers revealing a surprising thermal stability well above the typical MOCVD growth temperatures. For annealing at 1400 ºC results suggest a decomposition of the QWs in regions with high and low InN content. The defect formation upon nitrogen implantation was studied in detail. Despite strong dynamic annealing effects, which keep structural damage low, the created defects strongly quench the QW luminescence even for low implantation fluences. This degradation could not be reversed during thermal annealing and is hampering the use of implantation induced quantum well intermixing in InGaN/GaN structures.
INTRODUCTION
Polarization effects and Auger losses in InGaN/GaN quantum well (QW) structures are considered among the main reasons for the low efficiency of nitride LEDs emitting at long wavelengths (green and beyond) as well as for the strong efficiency droop at high current densities 1, 2 . The polarization induced electric fields cause a spatial separation of the electron and hole wave functions in the QW reducing strongly the radiative recombination rate (the Quantum Confined Stark Effect, QCSE) 3 . Compositional grading of QWs can be used to tune the potential profile and strain distribution in a multi QW (MQW) in order to control the electron-hole recombination. In addition, the softening of heterostructure interfaces in the active region has been shown to eliminate Auger losses in quantum dots 4 . Simulations of green InGaN diodes, using a multiscale formalism showed the great potential of compositional grading in mitigating both QCSE and Auger effect 5, 6 . In particular, a parabolic gradient was shown to increase the overlap of electron and hole wave functions within the QWs resulting in increased internal quantum efficiency as well as lower Auger losses.
Such a parabolic compositional grading inside the QWs can be realized by post-growth interdiffusion of QW and barrier materials. QW intermixing (QWI) can be achieved either by simple thermal annealing with or without the presence of impurities 7 , or by laser irradiation 8 or ion implantation 9 followed by annealing. The latter case is schematically shown in Fig. 1 . Starting with a conventional rectangular quantum well the introduction of point defects and breaking of the bonds by ion implantation facilitate diffusion during post-implant annealing. The annealing step then promotes well-barrier interdiffusion and removes the implantation damage. This approach has the advantage of facilitating lateral patterning and monolithic integration. QWI was used successfully in arsenide and phosphide based materials to tune the band gap of QW structures [7] [8] [9] The created point defects promote interdiffusion of the elements in the QW and the barrier leading to a parabolic-like compositional gradient. Not taking into account any polarization effects the confinement potential is changed from rectangular to parabolic-like.
In the case of polar materials such as GaN and ZnO based QWs the situation is more complicated since the polarization effects distort the band structure leading to a triangular shape for a homogeneous composition and a parabolic-like shape after intermixing 10 . Recent work by Coleman et al. and Davis et al. showed the potential of ion-beam assisted QWI in wurtzite ZnO/ZnMgO MQW to increase the overlap of electron and hole wavefunctions and improve the internal quantum efficiency 11, 12 . These authors showed that implantation can significantly enhance the intermixing process. In nitrides this subject has not been studied in detail yet although tunable emission upon intermixing of InGaN/GaN QWs was predicted early by theory and also evidenced experimentally 13, 14 . The effectiveness of band profile engineering has recently been shown for staggered InGaN/GaN QW where compositional gradients of QWs have been achieved during the growth 15 . A linearly increasing InN composition in thick QWs furthermore showed efficient suppression of Auger recombination 16 . However, compositional grading on a nanometer scale is difficult to realize during epitaxial growth and very versatile profiles may be achieved by a combination of staggered growth and QWI. Implantation enhanced QWI was recently applied to AlGaN/AlN superlattices for spatially defined control of absorption properties 17 .
In this paper we will review our recent attempts in achieving QWI in InGaN/GaN MQW starting with a description of implantation damage build-up 18 followed by the discussion of the effects induced by annealing of the as-grown and implanted structures 19, 20 .
EXPERIMENTAL DETAILS
Two In x Ga 1-x N/GaN MQW samples were grown by Metal-Organic Chemical Vapor Deposition (MOCVD) on a (0001) GaN/sapphire template at Rensselaer Polytechnic Institute, New York, USA. Typical growth conditions of these samples have been described elsewhere 21, 22 . The first sample, RPI203, was used to study the implantation damage build-up upon nitrogen implantation (section 3.1) and consists of 5 In x Ga 1-x N/GaN periods. The second sample, RPI209, consists of 10 In x Ga 1-x N/GaN periods and was used for annealing and QWI studies (section 3.2). The QWs have a thickness of 3 nm and an average InN molar fraction of x = 10 % (determined by Rutherford Backscattering Spectrometry, RBS). The QWs are separated by 20 nm thick GaN spacer layers. Finally, a ~ 20 nm GaN capping layer was deposited to protect the MQW region. Photoluminescence (PL) and ionoluminescence measurements reveal green QW emission despite the relatively low InN content, attributed to compositional fluctuations as evidenced by transmission electron microscopy (TEM) on a similar sample of the same sample set 23 .
Ion implantation and in-situ Rutherford Backscattering Spectrometry in channeling mode (RBS/C) were carried out on sample RPI203 in the double-beam chamber at the University of Jena, Germany
18
. The implantations were performed at room temperature (RT) with 35 keV N + ions. At this energy the maximum of the damage profile is placed in the central region of the MQWs. According to Monte Carlo simulations with the SRIM code 24 the mean N range is 55 nm, with a longitudinal straggling of 25 nm. The ion fluence was increased sequentially from 5×10 12 up to 4×10 16 cm -2 and the sample was tilted by 7º off-axis during the implantation to avoid channeling effects. The damage accumulation was monitored after each implantation step acquiring in-situ RBS/C spectra along the <0001> aligned direction using a 2.2 MeV He + beam and a 3-axis goniometer for sample orientation 18 . RBS/C allows a depth resolved assessment of crystal quality 25 .
Sample RPI209 was cut into 4 pieces. Two of the pieces were implanted at RT with nitrogen using three different energies of 35, 80 and 160 keV to a total fluence of 7×10 13 cm -2 . 19 These implantation conditions yield a homogeneous defect profile throughout the MQW region with low defect levels. One as-implanted sample was kept as a reference. An isochronous annealing program was performed on one implanted and one as-grown piece of sample RPI209. Rapid thermal annealing in flowing nitrogen up to 1000 ºC did not yield any changes in PL or X-Ray Diffraction (XRD) studies. Higher annealing temperatures at atmospheric pressure lead to the dissociation of GaN 26 . Therefore further annealing was performed using high temperature and high pressure (HTHP) at 1250 ºC and 1400 ˚C in a 1.1 GPa N 2 atmosphere for 30 min. The HTHP annealing was performed at UNIPRESS, Poland and suppresses the dissociation of GaN at temperatures well above the MOCVD growth temperature 27, 28 .
Ex-situ analysis of these samples was performed using XRD and PL. XRD measurements were performed on a D8Discover high resolution diffractometer (Bruker-AXS) using Cu(K α1 ) radiation equipped with a Göbel mirror, an asymmetric two-bounce Ge(220) monochromator and a NaI scintillation detector. To reduce the divergence, the primary X-ray beam is collimated with a 0.2 mm slit in front of the monochromator and the secondary beam is collimated with a 0.1 mm slit placed at the detector entrance. Steady state PL spectroscopy was performed as a function of temperature (from 14 K to RT) using a cold finger He cryostat. The 325 nm line of a cw He-Cd laser (power density I 0 < 0.6 W.cm -2 ) was used as excitation source. The sample luminescence was dispersed by a SPEX 1704 monochromator (1 m, 1200 gr.mm -1 ) and detected by a cooled Hamamatsu R928 photomultiplier 19 . Figure 2a shows the in-situ RBS/C spectra for 35 keV N implantation at RT. The low minimum yield of the as-grown sample, χ min = 4.4(1) % for window W 1 and 2.2(1) % for window W 2 i.e. for In (W 1 ) and Ga (W 2 ), respectively, reveals the excellent single crystalline quality of the QWs and spacer layers. The minimum yield is defined as the ratio of the backscattering yield in the aligned spectrum to that of the random spectrum within a region of interest. Implantation will displace atoms from their lattice sites and the minimum yield is expected to increase with increasing fluence since the defects that are located within the free space between atomic rows lead to an increase of the backscattering yield in the aligned spectra. As expected, the RBS/C spectra show a successive augmentation of the backscattering yield in the aligned spectra with increasing ion fluence. Below a fluence of ~1×10 15 cm -2 the damage level remains very low, only visible in the RBS/C spectra in a logarithmic scale. For higher fluences the damage level increases more rapidly. For a more quantitative analysis of the damage build-up the difference in the minimum yield of the implanted and virgin sample, Δχ min = χ min (implanted)-χ min (virgin) was determined and plotted as a function of the fluence in Fig. 2b . The sigmoidal shaped damage build-up curve is typical for ion implantation in GaN and InGaN and reflects a high degree of dynamic annealing, i.e. due to effective point defect migration and recombination during the implantation, damage buildup proceeds very slowly in some fluence regions [29] [30] [31] [32] . The experimental data are well described by fits (lines in Fig. 2b ) using the Hecking model of damage build-up 33 where the curve can be divided into four regimes as indicated in Fig. 2b for the Ga signal. For low fluences in regime I, the damage build-up increases approximately linearly with the implantation fluence. When displacement cascades start to overlap, in regime II, an increased recombination of point defects leads to a slow down or saturation of damage accumulation. The strong increase of lattice damage in regime III is associated with the formation of stable extended defects such as clusters and stacking faults. For the highest fluences (regime IV) again a saturation of the maximum defect level is seen, while the defect profile is broadening and extending into deeper layers (see Fig. 2a ) before eventually the aligned spectrum is reaching the random level. This complete loss of the channeling effect is often related with amorphization. In GaN, however, it is known that this regime is typical for the formation of a nanocrystalline phase rather than amorphization 34, 35 . The different regimes described above are indicated in Fig. 2b for the case of the curve for Ga. The curve for In shows a qualitatively similar behavior, however, the transitions for regime III and IV occur for slightly lower fluences and, in contrast to GaN, for the highest fluence the random level is reached. This shows that InGaN is less radiation resistant than GaN in agreement with previous studies 31, 36 . Note that the signal from Ga is averaged over the QWs and spacer layers thus mainly arising from the GaN spacer layers. Previous work comparing RBS/C data with TEM images suggested that regime I is mainly governed by the production of point defects while the density of extended defects such as clusters, dislocation loops and stacking faults is low 34, 37, 38 . For higher fluences, however, the density of extended defects increases strongly. Since these extended defects, in particular stacking faults, were shown to be thermally very stable 39 , we chose to implant a low fluence of 7×10 13 cm -2 , corresponding to regime I, for subsequent QWI studies. For such low implantation fluences and defect levels, XRD was shown to be more sensitive to implantation defects than RBS/C since point defects introduce high hydrostatic strain leading to an expansion of the c-lattice constant of the wurtzite nitride lattice 40, 41 . Fig. 3 shows XRD 2θ−ω scans around the 0002 reflection of the as-grown sample RPI209 as well as of annealed, asimplanted and implanted+annealed pieces of this sample. The as-grown sample shows a high number of superlattice (SL) peaks, up to seventh order, revealing high quality interfaces of the MQW. HTHP annealing at 1250 ºC does not induce any significant changes neither in the XRD scans nor in the optical properties (not shown). After HTHP annealing at 1400 ºC a significant decrease of the SL peak intensity is observed which can be due to intermixing but also due to the deterioration of the crystal quality such as the occurrence of phase separation. The as-implanted sample continues to show intense SL peaks confirming little effect of the implantation on the interface properties, however, all SL peaks are seen to shift to lower angles in agreement with previous implantation studies in SL samples 42 and attributed to the expansion of the c-lattice parameter typically observed in ion implanted III-nitrides due to hydrostatic strain introduced by implantation defects 38, 41, 43 . Very high implantation fluences, on the other hand, can lead to ballistic intermixing and a strong decrease of SL peaks 44 . After HTHP annealing of this sample at 1400 ºC, the SL peaks are seen to shift back towards their original positions but their intensity is significantly decreased. This result indeed shows a weakening of the lattice after implantation as desired for QWI, i.e. the breaking of the bonds leads to enhanced mobility of the atoms during annealing. However, as will be discussed below the implantation/annealing treatment does not lead to the desired blue shift of the QW emission due to intermixing, but to a strong deterioration of the sample's optical properties (Fig. 4) . Figure 4 presents the RT and low temperature PL spectra of the as-grown, as-implanted and HTHP 1400 ºC annealed samples 19 . The inset in Fig. 4b shows a photograph of the bright green PL of the as-grown sample at low temperature. This green luminescence band (GB) is the dominant emission of this sample at both measuring temperatures. The width of this QW emission band is relatively broad (FWHM ~180 meV), as frequently seen for InGaN QWs 45 , attributed to compositional and well width fluctuations evidenced by TEM 23 . Time resolved and temperature dependent PL data, in addition to the typical line broadening, indicate that the green QW emission is due to localized exciton recombination 19 . After implantation the GB is strongly quenched due to the introduction of non-radiative recombination pathways via implantation defects; the GB is not recovered after annealing. Annealing the as-grown sample leads to a high energy shift (by roughly 100 meV) of the GB consistent with QWI as also indicated by the XRD results. However, another broad band in the blue spectral region (BB) is also induced by the annealing treatment. Detailed PL analysis suggests that it is also due to excitonic transitions 19 . This bimodal luminescence indicates that annealing increases the spatial compositional fluctuations within the QWs leading to regions with considerably lower InN concentration. This results is in contrast to annealing studies of quantum dot samples which revealed a shrinkage of the quantum dots and homogenization of the InGaN quantum dots and wetting layers 46 . Another annealing report evidenced laterally inhomogeneous luminescence after annealing of InGaN LEDs, however, setting in at significantly lower temperatures (950 ºC) and accompanied by a strong decrease of the emission intensity 47 . Lateral luminescence inhomogeneities were also reported for InGaN laser structures where thermal decomposition took place during the high temperature growth of the p-type layer 48 . In this study, TEM analysis revealed the decomposition of the InGaN QWs into metallic In clusters and adjacent regions with lower InN contents in the QW.
RESULTS AND DISCUSSION

Implantation damage build-up
Annealing and QWI studies
CONCLUSIONS
The investigated InGaN/GaN QWs show exceptional thermal stability. No significant changes in structural and optical properties were observed up to an annealing temperature of 1250 ºC. In contrast, earlier results for annealing at low nitrogen pressures showed strong deterioration already at significantly lower temperatures 47, 48 . However, it should be noted that similar annealing conditions as those used in this study were used for InGaN QW based LED structures and evidenced the loss of QW emission already at 1100 ºC 20 suggesting that sample structure and native defects play an important role in the sample's response to thermal treatment. , .
.. For example the enhancement of In-Ga interdiffusion in the presence of Mg was suggested by McCluskey et al. who observed similar effects of HTHP annealing as presented here but starting at slightly lower temperatures 14 . Such discrepancies between the responses of different InGaN/GaN QWs to annealing are complicating the optimization of annealing parameters for QWI. For annealing at 1400 ºC bimodal emission suggests increased spatial compositional fluctuations. Implantation enhanced QWI was found to be challenging due to the severe effect of implantation defects on the QWs' optical properties. In fact, for the chosen conditions the QW luminescence was completely quenched and could not be recovered during thermal annealing. Lower implantation fluences or the use of swift heavy ions may be useful to keep implantation damage low. It was also reported recently that area-selective intermixing is possible by using metal/dielectric-coatings where metals such as Mo were shown to enhance interdiffusion during thermal annealing 49 .
